Dynamics of pesticides and their metabolites in drainage waters during baseflow periods and rainfallrunoff events (RREs) were studied from 2014 to 2016 at three small, tile-drained agricultural catchments in Bohemian-Moravian Highlands, Czech Republic. Drainage systems in this region are typically built in slopes with considerable proportion of drainage runoff originating outside the drained area itself. Continuous monitoring was performed by automated samplers, and the event hydrograph was separated using 18 O and 2 H isotopes and drainage water temperature. Results showed that drainage systems represent a significant source for pesticides leaching from agricultural land.
INTRODUCTION
Chemicals used as plant protection products (pesticides) are required in agriculture to control harmful organisms -weeds, diseases, and pests. On the other hand, pesticides can be leached into surface and groundwater and cause serious ecotoxicological problems both for terrestrial and aquatic (or water-associated) biota and deteriorate the quality of the water itself (Elwakeel & Yousif ; Moschet et al. ) . Pesticides are leached from both point and non-point sources of pollution, while non-point sources (runoff from agricultural land) play probably a major role in water contamination (Brown & van Beinum ; Lorenz et al. ) . Earlier studies presumed that pesticide transport is mainly dependent on surface runoff (Kladivko et al. ) ; however, at present, with improved monitoring systems, it has also been demonstrated that a significant role could be played by shallow subsurface runoff, including drainage runoff (Bundschuh et al. ; Lefrancq et al. ; Sandin et al. ) . Its role is important namely in localities with a high proportion of drained agricultural land (Holvoet et al. ; Brown & van Beinum ) , which is also the case of the Bohemian-Moravian Highland Crystallinicum with around 30% of tile-drained farmland (Kulhavý & Fucík ) .
The leaching of pesticides by subsurface runoff has so far been stated to be associated with soil properties, pesticide characteristics, type of drainage, and hydrological conditions in the catchment before and shortly after the application of these compounds (Boithias et al. ; Lefrancq et al. ) . A significant role in the transport of pesticides is definitely played by soil preferential pathways such as macropores (Tediosi et al. ; Sandin et al. ) and, in light-textured, mid -to highly permeable soils, also by cracks and clefts (Buzek et al. ) . The rate of preferential flow during rainfall-runoff events (RREs) can be so high that in such situations, the physical-chemical properties of pesticides together with soil characteristics lose their significance for leaching (Doppler et al. ) . Accelerated runoff (of any type) markedly reduces the time of pesticide reaction with the environment (effect on the target organisms, sorption or degradation in soils/crops) and can lead to the direct and immediate leaching of the parent compound into waters.
The presence of pesticides both in drainage and surface water is usually distributed non-uniformly in the course of a season (Müller et al. ; Sandin et al. ) with high concentrations during the application period. Although many studies focused on leaching of pesticides from soil to water by land drainage were conducted with valuable results (Leu et Lefrancq et al. ) , the processes influencing the dynamics of pesticide leaching and its connections to various drainage runoff components are still not completely understood. The well-established European programme for modelling of pesticides FOCUS () considers drainage runoff as one of the three main sources of pesticide entry into surface water (along with aerosol spread and surface runoff) and defines appropriate steps to mitigate these inputs. However, it has been shown recently that a deeper insight into the processes that govern pesticide leaching from soil to waters is needed to more precisely evaluate the exposure and threat of surface waters by pesticides (Bach et al. ) .
The aim of this work was to assess the role of various drainage runoff components along with water residence time for the leaching of pesticides from drained agricultural land. Further, the concentration dynamics of both parental compounds and their metabolites in drainage water during various hydrological situations was evaluated.
MATERIAL AND METHODS
This study was conducted during the period 2014-2016 at three experimental localities in the Bohemian-Moravian Highlands, Czech Republic (Dehtárě, Černicí, Vepríkov). The localities are characterised by agricultural tile drainage systems constructed in slopes. The tile drainage is typically placed in 1.0-1.2 m depth and consists of collective and conductive drains with an inside diameter from 5 to 6.5, or from 6.5 to 10 cm, respectively. The intervals between collective drains are in the range of 10-14 m. The geological environment consists of crystalline bedrock (granite, orthogneiss, partly migmatized paragneiss), in some places metamorphosed, in various stages of degradation. The lower parts of the slopes consist of quarternary sediments in the forms of slope sands and loams of various thicknesses. The soil cover is highly variable in the discharge zones with gleyed cambisols, pseudogleys, and modal gleys with occasional histosols. In the higher parts of the slopes, close to the catchment divides (s.c. source or recharge areas), the soil cover is more homogenous, with prevailing light-textured modal, ranker and arenic cambisols. During the period monitored, the precipitation was highly variable and fluctuated between 450 and 750 mm per year. The position and a comprehensive map of the experimental localities is shown in Figure 1 .
At Dehtárě, two drainage groups, KL (29 ha) and KP (28 ha) with differing land use were monitored. The sub-catchment of the KL group is almost completely grassed and pesticides were applied for the last time in 2006. The land in the sub-catchment of drainage group KP is used as arable and is routinely agriculturally managed using a 7-year crop rotation (clover, winter wheat, spring barley/maize, winter oil seed rape, winter wheat, potatoes/maize, spring barley with clover undersowing). At Černicí, the drainage group Š2 (3.8 ha) with subcatchment situated completely under arable land was monitored as well as the closing site of the entire catchment (1.38 km 2 ; small water course P1) receiving multiple drainage groups. Agricultural management at Černicí is similar to that described at the Dehtárě KP site. At Vepríkov, two drainage groups were monitored during the 2016 season. VP1 group had a sub-catchment area of 19.95 ha and VP2 group had a sub-catchment area of 28.25 ha. Repeated planting of maize at these sites, together with significant precipitation that occurred shortly after the application of pesticides represented a favourable basis for monitoring pesticide leaching in the course of RREs.
At all the sites, the discharges and drainage water temperature were continuously measured using ultrasound water level sensors US1200 (Fiedler-Mágr, Czech Rep.) and TS01 probes with Pt1000 sensors (Fiedler-Mágr, Czech Rep.). Sensors were placed in the upstream pools of V-notches in the drainage manholes. Data were measured in 1-min. steps and recorded as 10-min. average values. The regime of sample collection differed according to the hydrological situation at the time. During prevalent baseflow and slow interflow, samples were collected manually at 14-day intervals. In the course of rainfall-runoff events, sampling was done using automated samplers ISCO (sites Černicí and Vepríkov) and Morava (site Dehtárě) at intervals from 20 minutes (summer events) to 1 hour (winter events). Glass bottles of 60 mL were used for sampled water collection, samples were stabilized by freezing. The list of analysed pesticides was based on information about actual spraying of experimental fields provided by farmers, and, with a regard to pesticides commonly applied in the region to a particular crop rotation. Pesticide concentrations in the water samples collected were analysed in the certified laboratories of tandem with the Vantage Triple Quad Mass Spectrophotometer (MS/MS) of Thermo Fischer Scientific, used in a switching mode. Isotopically labelled standards and the standard addition method were used to eliminate the matrix effects. The 9-point calibration in the range of LOQ -3000 ng/L was performed with each series of samples. The accuracy of calibration solutions was verified by an independent control sample analysis. Periodically, the purity was verified by blanks. Long-term evaluation of these steps is ensured through control diagrams. 
where Q t is the total discharge, Q p is the discharge of preevent water, Q e the discharge of event water, C t is the isotope concentration in the runoff during the event, C p is the isotope concentration in pre-event water, C e is the isotope concentration in rainfall water, and R p is the contribution of pre-event water to the total runoff. The isotopic concentration values used for the calculation were adjusted according to the method of data collection and the interval between consecutive samplings. The calculation was done at 10-min. intervals in compliance with the discharge record.
To define the isotope concentration value before the event (pre-event water), the results from the last manually taken sample prior to the evaluated event were used. Each event was then hydrologically characterised by the following characteristics: maximal discharge measured during the event, runoff, which means the volume of water flow during the event calculated by multiplying time and discharge in 10-min steps and by the Q event portion, which is the percentage of event water originating from causal precipitation calculated by in total runoff during event, calculated by subtracting the Q pre-event portion from total runoff.
In order to equalize the different sampling intervals and the dependence of pesticide concentrations on the discharge rate, the concentrations found during RREs were also characterized collectively as flow-weighted concentrations; (Cfw):
where Cfw is flow-weighted concentration, C i is concentration value during an i withdrawal, and Q i is discharge during i withdrawal.
RESULTS AND DISCUSSION
The results achieved have shown that the concentrations of pesticides in drainage water were strongly variable depending on the hydrological situation and time span between pesticide application and a rainfall event. A particularly large difference was found between the concentrations of pesticides collected at regular intervals in periods of low discharges (periods of prevalent baseflow and slow interflow) versus the concentrations in samples collected during RREs (increased flow, contribution of fast components to the runoff).
PERIODS OF LOW DISCHARGES
In periods of prevalent base flow and interflow, primarily pesticide metabolites (and almost no parental compounds) were detected both in drainage water and the surface water of a small stream, often at high concentrations. A summary of the most frequently observed compounds in the profiles monitored is given in Table 1 . The Dehtárě locality (drainage groups KL and KP) showed namely the presence of Alachlor ESA, which was found in all samples collected, mostly at concentrations of hundreds of ng/l; Metazachlor ESA (in all samples at concentrations of hundreds to thousands of ng/l), and Metolachlor ESA (all samples, concentrations in the thousands of ng/l). Dimethachlor ESA was also frequently observed at lower concentrations, mostly in the tens of ng/l. Of the less stable OA forms of metabolites, only Metazachlor OA and Metolachlor OA were observed, whose concentrations were of an order lower than the ESA forms of these metabolites. The mean total concentration of metabolites was calculated for KL to be 3,834 ng/l (from 1,241 to 7,325 ng/l). At KP site, the mean total concentration of metabolites was 5,759 ng/l (from 967 to 12,726 ng/l). In both drainage groups, parental compounds were detected only exceptionally during low flows, mostly in only one sample and at low concentrations in the tens of ng/l. In particular, they were represented by Acetochlor, Linuron, Metolachlor, Nicosulfuron, Propiconazol, Spiroxamine, and Tebuconazol.
The drainage water from the experimental catchment Černicí (drainage group Š2) also showed a prevalence of chloroacetanilide herbicide metabolites at low discharge periods. In particular, they were represented by Acetochlor ESA, Alachlor ESA, and Metazachlor ESA. Of the OA forms, the most frequently observed was Metazachlor OA. The mean total of the concentration of all metabolites was 1,726 ng/l (from 472 to 7,544 ng/l). Of the parental compounds, only Bentazone at concentrations in the tens of ng/l was observed during normal flows (Table 2) .
In the stream runoff in P1 site, the range of metabolites was very similar to that of drainage water, i.e., again, a prevalence of highly persistent chloroacetanilide metabolites was observed with the addition of relatively frequent occurrences of Terbuthylazin metabolites, particularly in the form of Terbuthylazin-2 hydroxy. The mean total concentration of all metabolites was 1,752 ng/l (from 19 to 5,500 ng/l). Occurrences of parental compounds in surface flow at normal water levels were again rare; similar to how it was in drainage water, only two or three samples (of the 27 collected) contained them at concentrations of tens to hundreds of ng/l. The most frequently detected parental compounds were Acetochlor, Bentazone, Fluroxypyr, Tebuconazol, and Terbuthylazine. Parental compounds were mostly found in samples collected almost immediately after the termination of an RRE.
RAINFALL-RUNOFF EVENTS
During the 3-year period, 41 RREs were detected in total at all the monitored sites. The dynamics of the concentrations and runoff of the pesticides and their metabolites varied depending on the composition of the drainage runoff, i.e., on the presence or absence of event water as well as on the amount of time elapsed since the latest application of pesticides. The patterns of selected typical RREs are given in Table 3 . In general, during RREs, a larger array of pesticides was observed in the runoff than in the course of low discharges. Of a particular importance is the presence of parental compounds which, during unincreased discharge, were almost undetectable and whose concentrations were quite high during RREs. At Dehtárě subcatchment, parental compounds were only leached from arable land (group KP) during RREs. The highest concentrations of particular compounds were observed for: Fluopicolide (from 39 to 2,800 ng/l), Glyphosate (from 84 to 356 ng/l), Linuron (from 25 to 719 ng/l), Mandipropamid (from 21 to 206 ng/l), Mesotrione (from 11 to 460 ng/l), and Metalaxyl (from 12 to 980 ng/l). Černicí catchment Š2 also often displayed the presence of parental compounds during RREs. The drainage water of Š2 drainage group namely contained Clomazone (from 1,700 to 3,400 ng/l), Chlorsulfuron (from 230 to 914 ng/l), Metazachlor (from 11 to 19,000 ng/l), Tebuconazol (from 135 to 640 ng/l), and Thiacloprid (from 14 to 390 ng/l). Additionally, another seven compounds were detected, but only in few samples and low concentrations. The stream water measured in P1 site contained a wide variety of parental compounds (31 in total) during RREs, but mostly in small numbers of samples and in low concentrations. Of these, considering the number of detections, concentration, and runoff, the most important were Clomazone (from 2,000 to 8,000 ng/l), Cyprosulfamide (from 12 to 25,000 ng/l), Glyphosate (from 49 to 453 ng/l), Chlorotoluron (from 35 to 973 ng/l), Metazachlor (from 10 to 37,000 ng/l), and Thiencarbazone (from 18 to 10,000 ng/l). Concentrations of metabolites were diluted or increased during RREs depending on the ratio of water from causal precipitation (event water). The event given in Figure 2 occurred at KL site on July 31, 2014 after 19 mm of precipitation. The drainage flow rapidly increased from 0.1 l/s to 0.5 l/s within 40 minutes. Event water constituted 53% of the total runoff. This runoff component caused dilution of concentrations of all major metabolites in the drainage runoff. The metabolite concentrations dropped from 1,098 ng/l before the event to 336 ng/l during its course. When the RRE subsided, the concentrations quickly returned to the previous levels. In contrast, the RRE on August 27, 2014 at KP site (Figure 3 ) belonged to the group of events where only water already present in the catchment before the causal precipitation participated in the drainage runoff, as shown by isotope separation. The drainage runoff was in the range from 0.13 to 1.2 l/s. The concentrations of metabolites significantly increased with the growing discharge. Around the peak of the drainage runoff, the concentrations of these compounds were at their highest; e.g., in the case of Metazachlor OA close to 12,000 ng/l.
The leaching of parental compounds was associated not only with the temporal proximity of the evaluated RRE to the last pesticide application, but also with the presence of water from the causal precipitation in the runoff (Table 3) . A typical example is the event in drainage group KP (site Dehtárě) depicted in Figure 4 . This RRE was caused by 18 mm precipitation. The drainage discharge flow increased from 0.6 l/s to 2.1 l/s in one hour. According to the isotope separation, water from the causal precipitation constituted 15% of the total runoff. Along with this event water, the drainage runoff displayed the presence of various parental compounds originating from applications performed in the period 13 May -3 June, 2016. In particular, they were represented by Glyphosate, Clomazone, Mesotrione, and Linuron at the highest total concentration of 1,285 ng/l, while the progression of their concentrations depended on the proportion of event water in the drainage runoff. A similar event observed on 3 May -5 May, 2016 in group Š2 (Černicí) is depicted in Figure 5 . By both its discharge course (0.14-0.46 l/s at culmination) and the proportion of water from the causal precipitation (9%, the highest immediate percentage 21%), it may be classified as a less important event. Despite the lower proportion of event water, the leaching of parental compounds was still observed. The presence of Metazachlor, Propiconazol, Tebuconazol, Bifenox, Chlorpyriphos, and Bentazone was recorded, of which relatively high concentrations (from 130 to 640 ng/l) were noted, particularly for the fungicide Tebuconazol. The total Cfw of these parental compounds was 295 ng/l. The total pesticide load in this event was 264 mg, of which 16 mg were parental compounds.
As examples of events with high pesticide loads, two RREs recorded in June 2016 at two drainage groups at Vepríkov are described in Figures 6 and 7 . The events occurred three weeks ( Figure 6 ) and four weeks (Figure 7 ) after a pre-emergence application of Terbuthylazine and Metolachlor to maize. The RRE in drainage group VP1 ( Figure 6 ) was caused by a smaller amount of precipitation totalling 14 mm. The drainage discharge increased from 0.46 l/s to 5.5 l/s within an hour. A similarly rapid change was noted for the drainage water temperature (from 11.6 C to 12.9 C), indicating a significant proportion of event water in the drainage runoff (Zajícěk et al. ) .
During the RRE, unusually high concentrations of parental compounds were recorded, particularly Terbutylazin (from 11,000 to 29,000 ng/l) and Metolachlor (from 28,000 to 63,000 ng/l). The total Cfw for parental compounds in this RRE was 64,405 ng/l. The metabolites displayed a total Cfw of 23,760 ng/l with 15 compounds recorded in total and with a prevalence of Terbuthylazine metabolites. The pesticide load during this relatively short event (24 hours) was estimated as 5.3 g in total, of which 3.6 g were parental compounds, (prevailingly 2.6 g of Metolachlor and 0.96 g of Terbuthylazine). The RRE in drainage group VP2 at site Vepríkov (Figure 7 ) was caused by 20 mm of precipitation. The drainage flow increased from 0.25 l/s to 9.0 l/s in a mere 90 minutes. The sudden change of the drainage water temperature (from 11.3 C to 14.3 C) again indicated a significant proportion of event water in drainage runoff. Extremely high concentrations of both parental compounds and metabolites from the latest application were recorded, i.e., of Metazachlor (up to 120,000 ng/l) and Terbuthylazine (up to 92,033 ng/l). The Cfw value of the parental compounds was 154,140 ng/l, and the total concentration of parental compounds ranged from 14 ng/l to the 434,135 ng/l, reached immediately before discharge culmination. Twelve metabolites were also recorded with a total Cfw of 192,272 ng/l, with Metolachlor prevailing in both the ESA and OA forms, and various metabolites of Terbuthylazine, probably originating from the latest application. The total pesticide load for this 24-hour event was calculated as 33 grams, of which 14.6 g were parental compounds (5.5 g of Terbuthylazine and 8.9 g of Metolachlor) and 18.4 g were metabolites.
Event-based monitoring of the amount and composition of drainage runoff and pesticide concentrations has shown that drainage systems represent a highly significant source of pesticide leaching from the soil to surface water, as has been mentioned in other studies (Brown & van Beinum ; Boithias et al. ; Sandin et al. ) . The results have shown that the presence of these compounds in the runoff is dependent on a combination of factors, namely the length of time since their application and the current hydrological situation in the catchment.
Pesticide metabolites were revealed to be permanently present in drainage water, often at high concentrations. Despite the fact that they mostly represent metabolites that are toxicologically irrelevant to human health (according to the directive of the Czech Ministry of Health), their concentrations exceed the legal limits, e.g., of Directive No. 428/2001 Sb. as amended, Annex No. 13 -Requirements for the quality of raw water extracted for treatment as potable water (limit for one pesticide 100 ng/l, for the total of all pesticides 500 ng/l). Based on the acquired results, metabolite leaching was particularly associated with baseflow and slow interflow. The presence of pesticide metabolites that were applied long before drainage water sample collection is related to both the high persistence of these metabolites (particularly chlor-acetanilide metabolites) and the relatively long retention time of slow drainage runoff components (up to several years; Buzek et al. , Šanda et al. ) .
The fact that the presence of metabolites in surface and subsurface water is a long-term problem (Mottes et al. ) was also confirmed by the permanently high metabolite concentrations in the prevalently grassed sub-catchment of drainage group KL where pesticides have not been applied since 2006. During rainfall-runoff events, the concentrations of metabolites decrease if water from the causal precipitation penetrates into the drainage runoff and dilutes the metabolite concentration. On the contrary, metabolite concentrations increase if the drainage runoff during the event consists of pre-event water, i.e., of fast-mobilized shallow subsurface runoff as shown by other studies (Doppler et al. ; Lefrancq et al. ) . Leaching of metabolites thus represents a long-lasting problem that most probably cannot be completely solved by agronomical (tillage) or organizational measures, although soil conservation tillage may help improve soil conditions to control the leaching of some metabolites (Kodešová et al. ; Ouyang et al. ) . It is also necessary to reduce the use of pesticides with high leaching potential to avoid chronic pollution of shallow aquifers in the future (Mottes et al. ) .
The leaching of parental compounds, in contrast to metabolites, was almost exclusively associated with rainfall-runoff events, as has been documented by many others both in surface and drainage waters (Boithias et al. ; Lefrancq et al. ; Lorenz et al. ) . The results obtained so far have also shown that the leaching of parental compounds is connected to the fast runoff component (Leu et al. ) , and consequently a substantial proportion of event water (from the causal precipitation) must be included in the drainage runoff. Another prerequisite for leaching of parental compounds was the occurrence of a rainfallrunoff event relatively shortly after pesticide application. As this time passed, the concentrations decreased until two months after application, and after that, the presence of the parental compounds in drainage water was practically zero. When both of these situations happened simultaneously, the concentrations of pesticides in drainage water were quite high, reaching even hundreds of thousands of ng/l, exceeding all environmental and health limits many times over. The amount of pesticide leached per event can thus reach up to tens of grams (within several hours). The concentrations and loads of parental compounds in grams can therefore represent serious environmental as well as health risks (Moschet et al. ) . To reduce it, rules for appropriate pesticide application must be strictly followed, and spraying is supposed to be avoided in critical source areas (Leu et al. ; Ulén et al. ; Sandin et al. ) . These areas are -for the case described in this paperlocated especially close to the watershed divide, typically with shallow soils with low water retention capacity (Buzek et al. ) . It is supposed that the substantial part of event discharge originates in such areas and the major part of event water enter the soil here (Zajícěk et al. ) . As protective measures, some of these areas might be grassed (Dousset et al. ) or, another efficient solution may be -for the metabolites as well -the establishment of properly designed artificial wetlands (Vymazal & Brězinová ) .
Future work should focus on the links between catchment characteristics, pesticide load dynamics and RRE patterns in different seasons. Additionally, a more detailed hydrological description of the sites including runoff flashiness, antecedent moisture conditions and the time-space dynamics of various soil/land use hydrologically active areas might be employed in order to better explain the leaching of parental compounds during different RREs at different sites.
CONCLUSIONS
The results of this work have shown that drainage systems are a highly significant source of pesticide leaching from the soil to surface waters. While metabolites were permanently present in drainage waters and represent a longterm burden, the leaching of parental compounds was strictly connected with rainfall-runoff events with a substantial proportion of event water in the drainage runoff. Especially the combination of some crops (e.g. maize) with rainfall-runoff events with a high proportion of event water in the drainage runoff occurring shortly after spraying, appeared to lead to extremely high pesticide concentrations in drainage waters and high loads. Additionally, as the results showed the prevalently episodic leaching pattern of parental compounds, this work supports the need for flowtriggered sampling, along with continuous tracking of discharge and water temperature when the peak values and pest loads in RREs are the main concern of monitoring. Nevertheless, this sampling should be accompanied by regular (monthly or so) pesticide monitoring in order to reveal the range of pesticides in drainage waters and related small creeks.
